Introduction
Alois Alzheimer, a psychiatrist and neuropathologist, observed a 51-year-old female patient at Frankfurt Asylum in 1901. She showed strange behavioral symptoms, including loss of short-term memory. Dr. Alzheimer reported her symptoms following her death five years later. Unfortunately, because its cause was unclear until recently, there have been no treatment approaches for this neurodegenerative disorder, so called Alzheimer's disease (AD), since that first report by Dr. Alzheimer over 100 years ago. According to a report by the World Health Organization (WHO), 35.5 million people were estimated to be living with dementia in 2010, and there are 7.7 million new cases of dementia each year [1] . Dementia causes tremendous damage and suffering to the patient and caregivers, namely the families and, because of the high medical care costs involved, it is an economic burden incurred by every country. If a treatment for AD is not developed in the future, there could be a negative impact on the economic growth of all countries.
A breakthrough was made through the genetic study of some familial AD (FAD) patients who were found to have mutations of the gene coding for amyloid precursor protein (APP) and presenilin. These mutations caused an increase in amyloid β (Aβ) peptides, which are the main components of senile plaques in the brains of patients with AD. These results were seminal in promoting an amyloid hypothesis for AD pathology [2] [3] [4] [5] . Aβs are produced from APP by two processing enzymes-β-secretase (BACE1; β-site APP-cleaving enzyme 1) and γ-secretase-that are potential molecular targets for the development of anti-AD drugs [6] [7] [8] [9] [10] [11] [12] [13] . On the basis of the amyloid hypothesis, various BACE1 inhibitors and γ-secretase inhibitors have been investigated as AD drug candidates by multiple research groups. This article supplements our earlier review of peptidic and non-peptidic BACE1 inhibitors with
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recent developments in this field [10] [11] [12] [13] . It is known that quantum chemical interactions involving an arginine side chain play an important role for molecular recognition in proteins. We here in discuss the significance of quantum chemical interactions in drug discovery, and introduce the concept of small-sized BACE1 inhibitors, designed on the basis of quantum chemical interactions.
AD Pathology and Design of BACE1 Inhibitors
BACE1, a type I transmembrane aspartic protease, triggers Aβ formation by cleaving APP at the Aβ domain N-terminus as shown in Figure 1 . At the next stage in the amyloidogenic pathway of APP, γ-secretase cleaves at the C-terminus of the Aβ domain, releasing the Aβ that consists mainly of two molecular species, Aβ 42 and Aβ 40 . Aβ 42 shows greater neurotoxicity and aggregability than Aβ 40 and appears to be a key biomolecular marker of AD pathogenesis. APP is a type I transmembrane protein with a large extracellular domain and has three isoforms resulting from the alternative splicing of its mRNA. Many mutations of the APP gene have been reported. The Swedish mutation, around the cleavage site of BACE1, induces the cleavage by BACE1, thereby increasing the levels of Aβ 42 and Aβ 40 in the brain of patients with this mutation. The mutations near the cleavage site of γ-secretase affect Aβ formation or the Aβ 42 /Aβ 40 formation ratio. Additionally, presenilin 1 and 2, the catalytic components of the γ-secretase complex, are reported to be causative genes in early-onset FAD [14] . These mutations also appear to cause FAD, and these findings provide compelling evidence for the "amyloid hypothesis."
The aspartic protease BACE1 forms the transition state, which poses a tetrahedral structure with a substrate. Because the transition state has no covalent bond between a substrate and the catalytic residue at the active site of BACE1, unlike that in the case of serine and cysteine protease, its inhibitors can be logically designed using a computational approach. In the most widely accepted mechanism for an aspartic protease, a water molecule between the substrate and catalytic site is partially activated by an aspartic carboxylate anion and involved in a carbonyl carbon of the P 1 amino acid residue in the substrate as shown in Figure 2 . The carbonyl oxygen, in turn, captures a proton from another aspartic carboxylic acid group in the catalytic site, resulting in a tetrahedral intermediate, and then the substrate is cleaved into two peptide fragments. A transition-state analogue mimicking the tetrahedral transition state can strongly bind with the active site of aspartic protease, inhibiting the enzyme activity. Renin and HIV-1 protease are also classified as aspartic proteases, and their inhibitors with a transition state analogue were designed using computational approaches. Many BACE1 inhibitors were designed using similar techniques. Several transition-state analogues have been widely exploited for designing aspartic protease inhibitors such as statine, norstatine, hydroxyethylamine, and hydroxyethylene units, and many BACE1 inhibitors possessing a transition-state analogue have been designed [11] .
Early Substrate-based BACE1 Inhibitors
The Swedish-mutant APP gene, which contains a double mutation (K670N and M671L), has been found in patients with FAD. The Swedish-mutant APP sequence (EVNL*DAEF, Figure 3A ) is cleaved faster than the wildtype APP sequence (EVKM*DAEF) by BACE1. Early BACE1 inhibitors possessed a transition-state analogue at the P 1 position, and were designed from the Swedish-mutant APP sequence. In 1999, Sinha et al., working at Elan Pharmaceuticals, succeeded in purifying BACE1 from the human brain using a transition-state analogue, and cloned the enzyme [15] . The results provided the possibility for the use of substrate-based BACE1 inhibitors as AD drugs, leading to a boom in the development of BACE1 inhibitors. In 2000 and 2001, Ghosh and Tang et al. reported the potent inhibitors OM99-2 (Ki = 1.6 nM) and OM00-3 (Ki = 0.3 nM) with a hydroxyethylene unit (corresponding to a dipeptide unit in this case) as a substrate transition-state analogue, and the first X-ray crystal structure (PDB ID: 1FKN) of a complex between recombinant BACE1 and the inhibitor OM99-2 [16] [17] [18] [19] . We have reported on a series of peptidic BACE1 inhibitors possessing a norstatinetype transition-state analogue, phenyl norstatine [Pns: (2R,3S)-3-amino-2-hydroxy-4-phenylbutyric acid], at the P 1 position as shown in Figure 4 [20] [21] [22] [23] [24] [25] [26] . These inhibitors have a bioisostere of a Glu residue at the P 4 position and a substituted N-phenylamide at the C-terminus. Of these inhibitors, 3 (KMI-429, IC 50 = 3.9 nM) exhibited effective inhibition of BACE1 activity in cultured cells and significant reduction of Aβ production in vivo (via direct administration into the hippocampi of APP transgenic and wild-type mice) [20, 21] . Inhibitor 4 (KMI-684, IC 50 = 1.2 nM), in which two carboxylic acid residues of 3 at the P 1 ' position were replaced with their bioisostere, a tetrazolyl group, showed the most potent BACE1 inhibitory activity [25] . Inhibitor 5 (KMI-574, IC 50 = 5.6 nM), possessing a 5-fluoroortyl group in the N-terminus residue, showed improved inhibition in cultured cells [24] . It is noteworthy that these inhibitors have a Leu residue at the P 2 position. Interestingly, the compounds in which the Leu residues at the P 2 position of these inhibitors were replaced with an Asn residue corresponding to the Swedish-mutant APP sequence, showed no BACE1 inhibitory activity.
Non-peptidic BACE1 Inhibitors
Many non-peptidic BACE1 inhibitors have been designed and synthesized using the peptidomimetic inhibitors as lead compounds and a structure-based drug design (SBDD) computational approach. Most non-peptidic inhibitors have an aromatic scaffold, such as an isophthalic group at the P 2 position [10, 12] . Probably, a plain molecule such as an aromatic ring appears to be preferred as a P 2 moiety because of the narrow S 2 pocket that is formed by the flap domain of BACE1.
We designed and synthesized non-peptidic BACE1 inhibitors, such as 6 and 7, with a norstatine-type transition-state analogue, allophenyl norstatine [Apns: (2S,3S)-3-amino-2-hydroxy-4-phenylbutyric acid], which is a diastereomer of Pns [27] [28] [29] [30] [31] , as shown in Figure 5 . Interestingly, they showed more potent inhibitory activities 
m a i n ) P 4 P 3 P 2 P 1 P 1 ' P 2 ' P 3 ' P 4 ' P 4 P 3 P 2 P 1 P 1 ' P 2 ' P 3 ' P 4 ' These inhibitors have a pyridinedicarboxylic or chelidonic scaffold at the P 2 position and were designed from a virtual inhibitor with an isophthalic moiety at the P 2 position using an in-silico conformational structure-based design approach [27, 32] . Inhibitors 6 (KMI-1027, IC 50 = 50 nM) and 7 (KMI-1036, IC 50 = 96 nM) exhibited moderate BACE1 activities. The oxazolidine ring in inhibitors 6 and 7 fixes the direction of the phenyl ring at the P 3 position, so the P 3 -phenyl ring can closely bind to the S 3 -subpocket of BACE1.
Significance of Quantum Chemical Interactions in the Drug Discovery and Design of BACE1 Inhibitors
In the first X-ray crystal structure (PDB ID: 1FKN) of a BACE1-inhibitor complex, it was found that the P 2 -Asn moiety, corresponding to the Swedish-mutant APP sequence, of the inhibitor OM99-2 interacted with the Arg235 side chain at the active site of BACE1 by hydrogen bonding. Such hydrogen-bond interactions were thought to be important for binding between BACE1 and inhibitors. Subsequently, many BACE1 inhibitors possessing a hydrogen bond acceptor, such as an Asn residue at the P 2 position, were reported. However, our potent inhibitors have a Leu residue at the P 2 position, and compounds with an Asn residue at the same position showed no BACE1 inhibitory activity, as stated previously. We predicted that the interaction with the S 2 pocket might play a key role in the BACE1 inhibitory mechanism, because the Arg235 side chain in the S 2 site is only found outside the opening of the active site formed by the flap domain of BACE1. Hence, we compared the publicly available X-ray crystal structures of BACE1-inhibitor complexes. Surprisingly, the guanidine group of BACE1-Arg235 in most of the crystal structures, except 1FKN, showed similar figures flopping over the P 2 region of the inhibitors, and the nearest distances between the guanidino-plane of Arg235 and the P 2 region show similar values of about 3Å. This fact suggests that the guanidino-plane interacts with the P 2 region by a weak quantum force such as stacking or σ-π interaction [28] . The functional group found to interact with the Arg235 side chain in many of the crystal structures was the methyl group that was bound to the Arg235 side chain by a CH-π interaction. Subsequently, an O-π interaction with an amide oxygen atom, S-π interaction with a methionine sulfur atom, CH-π stacking with a pyridine proton, and π-π stacking with an aromatic ring were observed. For instance, 3D views of the inhibitors in BACE1 (PDB ID: 4FSL and 2P83), which was reported by the researchers at Bristol-Myers Squibb (BMS) and Pfizer, were shown in Figure 6 . These inhibitors interact with the Arg235 side chain by π-π stacking and O-π interaction, respectively. The Arg235 of the BACE1-OM99-2 complex (1FKN) assumed an exceptionally different pose to the other crystal structures. It was obvious from the fact that OM00-3, developed by the same researchers, had no hydrogen bonding interaction with the Arg235 side chain in the crystal structure (PDB ID: 1M4H). The unique crystal structure of the BACE1-OM99-2 complex appears to be caused by the intramolecular hydrogen bonding between the P 4 -Glu and P 2 -Asn side chains of OM99-2, because OM00-3, which is structurally similar to OM99-2, has no intramolecular hydrogen bonding in the crystal structure. Computational approaches, such as docking simulation between a biomolecule and drugs, have greatly contributed to drug discovery research. However, most software for docking simulation adopt mechanism/ molecular dynamics (MM/MD) calculations based on classical Newtonian mechanics, and docking simulations using these calculations do not appear to estimate a weak quantum chemical interaction, such as stacking or σ-π interaction between inhibitors and the Arg235 side chain of BACE1. The quantum chemical interactions that involve other aromatic amino acids, such as Phe, Tyr, and Trp, seem to be approximately optimized using several descriptors based on classical mechanics in the docking simulation software that is based on Newtonian mechanics. However, an arginine is recognized as a charged amino acid in this software, and the quantum chemical interactions involving an Arg side chain are unlikely to get a reasonable output.
It is well known that quantum chemical interactions involving a π-orbital of a guanidine group are found commonly in proteins and play a key role in molecular recognition by proteins. Crowley et al. surveyed cation-π interactions in protein interfaces using the Protein Data Bank and the Protein Quaternary Structure server [33] . The cation-π interactions were evaluated using a variant of the optimized potentials for liquid simulations (OPLS) force field. They found that approximately half of the proteinprotein complexes and one-third of the homodimers contained at least one intermolecular cation-π pair. This finding indicates the significance of these interactions in molecular recognition, because the occurrence rate of cation-π pairs in protein-protein interfaces is higher than that in homodimer interfaces, which are similar to the protein interior. Among them, the interactions between arginine and tyrosine were found to be the most abundant. Moreover, 53% of interactions between arginine and aromatic amino acids involved planar stacking, namely quantum chemical interactions, between the guanidine group and the aromatic ring. As an example to indicate the significance of quantum chemical interactions by an arginine side chain, Persson et al. reported the arginine switch mechanism for the molecular recognition of the CD46 receptor by an adenovirus [34] . A group of highly pathogenic species B adenoviruses can infect a host using CD46 as a cellular receptor. The knob domain of the fiber protein on the capsid of an adenovirus mediates interactions with CD46. The knob domain of adenovirus type 11 (Ad11 knob) has two arginine residues (Arg279 and Arg280) at the recognition site for CD46. Since the Agr280 side chain interacts with the Arg279 side chain by a stacking interaction (on switch), the Arg280 side chain can stably bind to the Phe35 side chain of CD46 by a stacking interaction. These quantum chemical interactions play a critical role in the molecular recognition by the Ad11 knob of the CD46 receptor. Because the Arg279 of Ad11 is mutated into a Gln residue in the Ad7 and Ad14 knob, the affinities between the Ad7/Ad14 knob and CD46 are known to be low. As observed above, quantum chemical interactions appear to be significant in medicinal science, but their treatment using the docking simulation software based on an MM/MD approach requires particular attention.
Non-peptidic BACE1 inhibitors 6 and 7 were designed using the docking simulation software Molecular Operating Environment (MOE, Chemical Computing Group Inc., Canada) on the basis of an MD calculation, and these inhibitors have a hydrogen-bond acceptor group based on the Swedish-mutant APP sequence. Of course, a quantum chemical interaction with the Arg235 side chain was not considered in the molecular design. Hence, we amended the design to focus on the quantum chemical interaction with the Arg235 side chain. An electron-rich halogen atom might interact with the electron-poor guanidine-π orbital by Coulomb's force. If these interactions also involve chargetransfer interactions (CT) with directing effects, the effects are expected to be similar to stacking or σ-π interactions with directing effects. Using the ab initio molecular orbital approach, Imai et al. indicated that the calculated Cl-π interaction energy is slightly stronger than that of CH-π interaction and its energy is affected by π-electron density [35] . Inhibitors 8-10, with a halogen atom, were designed and these exhibited potent BACE1 inhibitory activities as shown in Figure 7 [28] . The most potent inhibitor, 9 (KMI-1303, IC 50 = 9 nM), is available from Wako Pure Chemical Industries, Ltd (Japan), as a reagent for biological research. The fact that the introduction of a halogen atom at the P 2 position in our compounds drastically improved BACE1 inhibitory activity appears to support our hypothesis, namely that the quantum chemical interactions between BACE1 and inhibitors, plays an important role in the mechanism of BACE1 inhibition; and the P 2 part of a potent BACE1 inhibitor binds to the Arg235 side chain of BACE1, not by a hydrogen bonding interaction, but by a quantum chemical interaction.
Electron Donor Bioisostere and Design of Peptides with BACE1 Inhibitory Activity
Although most BACE1 inhibitors interact with the Arg235 side chain by quantum chemical interaction, it is known that the Swedish-mutant APP type substrate, possessing an Asn residue at the P 2 position, elicits higher catalytic efficiency by BACE1 than the wild-type APP type substrate. The K m values of both types of substrate are similar, suggesting that the affinities for both substrates against BACE1 are similar [36] . We considered that the hydrogen-bonding interaction between the Arg235 side chain and the P 2 -Asn side chain of the Swedish-mutant type substrates activate the "turnover" required for enzymatic catalysis, thereby improving the kcat value (ie. turnover number, a kinetic parameter). In contrast, such interaction appears to be unfavorable for BACE1 inhibition. In fact, most BACE1 inhibitors interact with the Arg235 side chain by a quantum chemical interaction. Generally, hydrogen-Introduction of the concept of "bioisostere" in the field of medicinal chemistry has revolutionized drug discovery process. Designing bioisosteres by applying molecular modeling approaches has resulted in improving the pharmacological properties of the 'active pharmaceutical ingredient'. Bioisosteres are functional or atomic groups that display similar physiochemical properties. To develop more practical drugs, compounds replaced with a bioisostere, which exhibit similar biological properties to the parent drugs, have been designed. However, the bioisostere of the ligand's P 2 moiety according to the Swedish-mutant APP is an Asn bioisostere using a bioisostere concept that does not assume quantum chemical interactions, and inhibitors that can interact with the Arg235 side chain by a quantum chemical interaction could never be designed using such a classical concept. Hence, we proposed the new "electron-donor bioisostere," which can interact with an electron-poor π-orbital, such as the guanidine group of Arg235 by quantum chemical interactions.
Our potent peptidic BACE1 inhibitors such as 3-5, have a hydrophobic amino acid, such as Leu or Cha, at the P 2 position, and their side chains appear to behave as an electron-donor bioisostere. Therefore, we proposed a novel hypothesis-If the P 2 moiety of a substrate for BACE1 is replaced with an electron-donor bioisostere that can reduce the turnover of BACE1, would it turn into a BACE1 inhibitor? Hence, we designed and synthesized a series of peptides possessing a natural amino acid, Leu residue, as an electron-donor bioisostere as shown in Table 1 [37] . The octapeptide 11 exhibited weak inhibitory activities. Crucially, 11 is the first peptide that showed BACE1 inhibitory activity. The fact that a usual peptide without a transition-state analogue could inhibit BACE1 enzyme activity is encouragement for future research toward developing a gene-based therapy for Alzheimer's disease using DNA that codes for a peptide sequence with BACE1 inhibitory activity. As octapeptide 12, a d-amino acid residue, exhibited slightly higher inhibitory activity than 11, pentapeptides 13 and 14 possessing a d-amino acid were synthesized, and they replicated the inhibitory activity of 12. Previously, we reported that replacing the Glu residue at the P 4 -position of peptidic BACE1 inhibitors with its bioisostere, an N β -(5-fluoroorotyl)-L-2,3-diaminopropionic acid (5FO) residue, improved their BACE1 inhibitory activity [23] . Hence, a series of BACE1 inhibitors containing a 5-FO residue in the P 4 -amino acid residue were designed. Peptides 15-17 exhibited moderate BACE1 inhibitory activity. In contrast, peptides in which the P 2 -residue of these peptides was replaced with the P 2 -Asn residue corresponding to the Swedish-mutant APP sequence, exhibited no inhibitory activity, as predicted. Moreover, small-sized tripeptides 18-20 exhibiting BACE1 inhibitory activities were designed and synthesized using an in-silico conformational structure-based drug design approach [32] . Among them, tripeptide 19 (IC 50 = 50 nM) exhibited potent BACE1 inhibitory activity.
Conclusion
We designed peptidic BACE1 inhibitors with a transition-state analogue using substrate-based design and non-peptidic BACE1 inhibitors using structure-based design approaches. Next, we found that a quantum chemical interaction between the inhibitors and an arginine side chain at the active site of BACE1 plays a crucial role in the mechanism of BACE1 inhibition, and designed a series of non-peptidic BACE1 inhibitors based on the quantum chemical interactions. Furthermore, we proposed the 
